Dissolution testing has emerged in the pharmaceutical field as a very important tool to characterize drug product performance. Pioglitazone hydrochloride, a frequently prescribed antidiabetic, has no dissolution assay in official monographs. The aim of the study was to develop and validate a dissolution test for the quality control of pioglitazone hydrochloride (PH) tablets containing 15 mg of active pharmaceutical ingredient (API). Results from testing sink conditions and stability at 37 °C show that PH is stable in potassium chloride buffer at pH 1.2, 1.5, 1.8, and in 0.1 N hydrochloric acid. In vitro dissolution tests of PH tablets were performed using different test conditions but always under sink conditions. The effects of filtration and deaeration were evaluated. The most discriminatory test conditions, potassium chloride buffer at pH 1.5 (900 mL at 37 ± 0.5 °C) as dissolution medium, paddle method (Apparatus 2), 75 rpm, and 60 min, were satisfactory. The UV spectrophotometric method for determination of released PH was developed and validated. The method presented linearity (r 2 = 0.999) in the concentration range of 10-60 μg/mL. The recoveries were good, ranging from 96.407% to 100.24%. The intraday and interday precision results were 1.704% and 1.3869% RSD, respectively. The developed dissolution test is adequate for its purpose and can be applied for the quality control of 15-mg PH tablets.
INTRODUCTION

I
n recent years, more emphasis has been placed on dissolution testing by the pharmaceutical industry and regulatory authorities. Dissolution tests are used to assess lot-to-lot quality of a drug product in the development of new formulations and in the assurance of product quality and performance after certain changes, such as in the formulation and the manufacturing process. From a biopharmaceutics point of view, a more discriminating dissolution method is preferred because the test will indicate possible changes in the quality of the product before in vivo performance is affected (1) .
For drugs belonging to BCS Class 2, dissolution is the limiting step for drug absorption, and the dissolution profile must be quite definite and highly reproducible (2) . The development of a meaningful dissolution procedure for drug products with limited water solubility has been a challenge to both the pharmaceutical industry and the regulatory agencies (3), since establishment of an in vitroin vivo correlation and the resulting ability to discriminate between formulations with different bioavailability is dependent on the design of in vitro dissolution tests (4) . The dissolution test, a quality control test, may be used as a tool for predicting bioequivalence (3) .
None of the purposes of dissolution test is fulfilled without performing validation of the dissolution test ensuring that a system is experimentally sound, yielding precise, accurate, and repeatable results. A recent international collaborative study indicated that drug dissolution testing is a highly variable technique. Consequently, in many cases the impact of formulation or manufacturing changes on drug release properties may not be detected, or conversely, differences caused by test variability rather than true differences could be recorded. Thus, careful control of experimental conditions is necessary to reduce test-to-test variability and improve test reproducibility and reliability (5) .
The validation of the dissolution test can be divided into two parts. The first considers equipment validation; equipment has to be calibrated taking into consideration the specifications for geometry and alignment of the dissolution apparatus. The second concerns test validation and requires the study of the performance parameters, especially precision. The evaluation of precision is very important to assess the reliability of the data obtained by the dissolution test. In fact, it is true that a more discriminating dissolution method is preferred, but it is also true that a reliable dissolution test is of utmost importance. A dissolution test with good precision makes it possible to efficiently compare several alternative formulation candidates to select the dosage form with the most suitable and reproducible drug release profile (5) .
Guidances on validation characteristics and considerations have been published, Validation of a dissolution method typically involves validation of the end analysis method for specificity, precision, linearity, accuracy, and range. There are three categories of precision: repeatability, reproducibility, and intermediate precision. Repeat-*Corresponding author. e-mail: alpakul2005@yahoo.com ability is the precision of the method under the same operating conditions over a short time. Reproducibility determines the precision between laboratories. Intermediate precision is a measure of intralaboratory variance using different operators on different days, equipment, and so forth, and is not required in cases where reproducibility has been performed. Method robustness should be evaluated, and if measurements are affected by variation in method parameters, then these should be controlled or a statement should be included in the method (6) .
Pioglitazone hydrochloride (PH) is 5-(4-[2-(5-ethylpyridin-2-yl)ethoxy] benzyl) thiazolidine-2,4-dione (Figure 1) . It belongs to the BCS Class 2 and is practically insoluble in water but soluble in organic solvents like methanol, dimethyl sulfoxide, and dimethyl formamide. It selectively stimulates the nuclear peroxisome proliferator-activated gamma receptor (PPAR-γ) and, to a lesser extent, peroxisome proliferator-activated alpha receptor (PPAR-α). It is primarily used in the treatment of diabetic conditions alone or in combination with other medications. It modulates the transcription of the insulin-sensitive genes involved in the control of glucose and lipid metabolism in the muscle, adipose tissue, and liver. As a result, it reduces insulin resistance in the liver and peripheral tissues, increases the expense of insulin-dependent glucose, decreases withdrawal of glucose from the liver, and reduces the quantity of glucose (7) (8) (9) .
Although there is an increasing number of works describing the determination of pH in biological fluids and pharmaceutical formulations by several methods (10) , this drug is not listed in any pharmacopoeia. The FDA has suggested experimental conditions for the dissolution test for PH tablets (11) .
The aim of the present work was to establish experimental conditions for the dissolution test for pioglitazone in tablet dosage forms and to validate the dissolution test for specificity, precision, linearity and range, accuracy, and robustness.
MATERIALS AND METHODS
Pioglitazone (12) .
Apparatus
The dissolution test was performed in a six-station Electrolab TDT dissolution tester (model TDT-06L) in accordance with USP 27 general methods. A Shimadzu UV-vis spectrophotometer (model UV-1800) using 1.0-cm quartz cells and Spectra Manager software were used for all absorbance measurements. A digital pH meter, model P101 (Hanna Instruments, Italy) was used to determine the pH of all solutions. The ultrasonic bath used for deaeration was the model U311 (Remi Equipments, Mumbai).
Determination of Solubility and Sink Conditions
Solubility data were used as the basis for the selection of a dissolution medium for pioglitazone hydrochloride. Drug solubility was determined at 25 °C in different media and expressed as mg/mL. The term sink conditions (13) is defined as the volume of medium at least three times greater than that required to form a saturated solution of drug substance. Sink conditions were determined in different media: potassium chloride buffer (pH 1.2, 1.5, and 1.8), neutralized phthalate buffer (pH 4.4), mixed buffer (pH 6.8), phosphate buffer (pH 6.2, 6.8, and 7.2), borate buffer (pH 8.0 and 8.6), and 0.1 N HCl. Vessels (n = 3) containing 10 mL of medium and an excess of PH (100 mg) were gently rotated on a mechanical shaker at a constant temperature 25 °C for 24 h and then kept undisturbed for 4 h to attain equilibrium. The solution was filtered through Whatman No. 41 filter paper and analyzed spectrophotometrically at 269 nm after appropriate dilutions with 0.1 N HCl.
Stability Determination
Solution stability (1) was analyzed over 48 h at room temperature. Sample solutions were prepared in the same dissolution media and at the same conditions as for the dissolution test. Aliquots (1 mL) were collected initially and at 24-h intervals for 2 days and analyzed spectrophotometrically. The drug concentrations observed in samples at 0, 24, and 48 h were compared. The absolute differences between the results at time zero and the time of analysis indicate stability.
Quality Control Testing of 15-mg Piomed Tablets
Piomed tablets containing 15 mg of pioglitazone hydrochloride were evaluated for color, shape, size, weight variation, friability, disintegration time, hardness, drug content, and content uniformity (14, 15) .
Mechanical Calibration of Dissolution Apparatus
A recent FDA guideline (16) suggests that mechanical calibration can be used alternatively, and when properly executed, it can satisfy CGMP requirements. Conventionally, for oral solid dosage forms, dissolution Apparatus 1 or 2 is suggested. Hence, mechanical calibration was carried out for Apparatus 1 and 2.
Optimization of Dissolution Test
The dissolution experiments were conducted in a six-station bath dissolution apparatus by subjecting six Piomed tablets to 900 mL of each dissolution medium, both a paddle and a basket dissolution apparatus, and stirring speeds of 50, 75, and 100 rpm (15, 17, 18) . The temperature was stabilized at 37 ± 0.5 ° C. Aliquots of 10 mL were withdrawn manually at 5, 10, 15, 20, 30, and 40 min. The same volume of medium at 37 ± 0.5 ° C was replaced for constant volume. The sample was filtered through Whatman No. 41 filter paper and analyzed spectrophotometrically at 269 nm. The standard solution used in all dissolution tests was prepared using pioglitazone equivalent to 15 mg. The UV spectrophotometric method was developed and validated in our laboratory.
Filter Evaluation
The filter evaluation is necessary to ensure that it does not adsorb drug and that it removes insoluble excipients that may otherwise cause high background or turbidity (1, 19) . A standard and a sample solution were prepared in the proposed dissolution medium (potassium chloride buffer pH 1.5). The sample solutions were prepared using a placebo to which was added an amount of reference standard equivalent to 15 mg of pioglitazone in a beaker with 900 mL dissolution medium at 37.0 ± 0.5 °C and stirred with a magnetic stirrer at 75 rpm for 1 h. Aliquots of 10 mL were withdrawn at the same point. The sample solutions were either centrifuged or filtered through Whatman No. 41 filter paper. The unfiltered solutions were treated as the standard solutions. They were diluted suitably, and all the solutions were analyzed spectrophotometrically. A filter is acceptable for use if the results of the filtered portions approach 98-102% of the original concentrations of the unfiltered standard solution and the centrifuged sample solution.
Deaeration
Deaerated medium is necessary for the evaluation of the dissolution behavior of drugs because nondeaerated medium causes variations in the amount of drug dissolved and an increase in the variability of the results (19, 20) . A standard and sample solution of pioglitazone hydrochloride were prepared in the proposed dissolution medium, potassium chloride buffer pH 1.5, at a final concentration of 20 μg/mL. The sample solutions were prepared using 900 mL of nondeaerated medium. The medium was sonicated for 1 h at 37 ± 0.5 °C. The standard solutions were prepared using 900 mL of the same medium after ultrasonication. All solutions were analyzed by the UV method. The results of the sample solutions were compared with those of the original concentrations of deaerated standard solutions.
Validation of Dissolution Method
The method was validated by the analysis of specificity, linearity, accuracy, precision, and robustness (21, 22) to demonstrate reproducibility and reliability.
Specificity
A placebo sample of the reference commercial formulation of tablets in the usual concentration of excipients was prepared to demonstrate reproducibility and reliability of the method. The placebo sample was transferred to vessels containing 900 mL of deaerated dissolution medium and stirred at 37 °C for 1 h at 75 rpm using a paddle apparatus. Aliquots of the solutions were filtered through Whatman No. 41 filter paper and analyzed by UV spectrophotometric method.
Linearity
Aliquots of pioglitazone hydrochloride stock solution (100 μg/mL) were diluted with pH 1.5 potassium chloride buffer and 0.1 N HCl to give concentrations of 10-60 μg/ mL. Each solution was prepared in triplicate. The linearity was evaluated by linear regression analysis, which was calculated by the least square regression method.
Accuracy
The recovery study was performed using a well-characterized lot of drug product with tight content uniformity. Pioglitazone hydrochloride reference substance was added to the dissolution vessels in known amounts at the 80%, 100%, and 120% levels. Accordingly, 12, 15, and 18 mg of reference drug was added along with each 15-mg tablet. The dissolution test was performed on Piomed tablets for 40 min using 900 mL of pH 1.5 potassium chloride buffer as medium in a paddle apparatus at 75 rpm. Aliquots of 10 mL were filtered through Whatman No. 41 filter paper and analyzed by UV spectrophotometric method at the spiked concentration levels of 80%, 100%, and 120%, respectively. Each concentration was analyzed in triplicate.
Precision
Repeatability (intraassay) was determined by analyzing six samples of Piomed tablets with the optimized dissolution test. Aliquots were collected and evaluated by the UV method at 269 nm. Thus, repeatability was evaluated with the relative standard deviation (RSD) of the data at the 100% level.
The evaluation of intermediate precision was performed using a well-characterized lot of drug product of tight content uniformity. The intermediate precision (interday) was determined on different days by different analysts, and the RSD values were calculated. The dissolution test was performed on six Piomed tablets for 40 min using 900 mL of pH 1.5 potassium chloride buffer as dissolution medium in Apparatus 2 at 75 rpm. Aliquots of 10 mL were filtered with quantitative filter and analyzed by the UV spectrophotometric method. Each concentration was analyzed in triplicate.
Robustness
The robustness was tested by changing several parameters of the dissolution method subsequently: analyst, equipment, and laboratory. The dissolution test was performed on six Piomed tablets for 40 min using 900 mL of pH 1.5 potassium chloride buffer as medium in Apparatus 2 at 75 rpm in different laboratories, with two different analytical instruments in the same laboratory, and with two different analysts. Aliquots of 10 mL were filtered and analyzed by the UV method. The dissolution data were compared with the initial data.
RESULTS AND DISCUSSION
Determination of Solubility and Sink Conditions
The solubility profile of PH demonstrates that the solubility is pH dependent. PH exhibited substantial solubility at pH 1.2, 1.5, and 8.0. The maximum solubility was observed in 0.1 N HCl. The solubility of PH increases as the pH decreases (Table 1) since PH is a weak base and exists in ionized form at a pH less than its pK a of 12.06 (18) .
The solubility of PH in water was not tested because water is a nonideal dissolution medium for PH. In addition, water quality is variable depending on the source and water pH is variable depending on the API and the excipients. Water is not considered a physiologically relevant medium as it is not representative of the gastric environment (23) .
The ratio of saturation solubility to drug concentration (dose), expressed as C s /C d , represents the closeness to sink conditions; sink conditions occurs when the amount of drug that can be dissolved in the dissolution medium is three times greater than the amount of drug to be dissolved. A low C s /C d ratio shows the existence of non-sink conditions. The rate of drug dissolution will be slowed by the limited solubility of the drug in that medium. In the present study, the value of C s /C d is greater than 3 in potassium chloride buffer at pH 1.2, 1.5, and 1.8 (23) ; borate buffer at pH 8; and 0.1 N HCl. Accordingly, sink conditions exist in a small volume of these dissolution media. A larger dissolution volume (900 mL) was selected considering the higher strength PH tablets (20) .
Stability Determination
Drug solubility and solution stability are important properties to be considered when selecting the dissolution medium. If standard solutions are not stable in a dissolution medium for at least 24 h at ambient temperature, it should not be chosen (23) . Stability study results (Table 2) reveal that the change in concentration of drug samples stored in different dissolution media (potassium chloride buffer pH 1.2, 1.5, and 1.8; borate buffer pH 8; and 0.1 N hydrochloric acid) and in light at 25 °C over 2 days was less than 3% of that of reference solutions.
Quality Control Testing of Piomed 15-mg Tablets
Quality control test results of 15-mg Piomed tablets containing pioglitazone hydrochloride complied with IP specifications. (Results not reported.) 
Mechanical Calibration of Dissolution Apparatus
The results of the mechanical calibration demonstrated the suitability of the dissolution apparatus for test purposes. (Results not reported.)
Optimization of Dissolution Test
Correlation of the solubility and stability data and the influence of sink conditions indicate that potassium chloride buffer pH 1.2, 1.5, and 1.8; borate buffer pH 8; and 0.1 N hydrochloric acid are suitable dissolution media. The results of the dissolution study are depicted in Figures 2-5 .
The results indicate that dissolution of PH from Piomed tablets was pH dependent. In the case of potassium chloride buffer pH 1.2, the amount dissolved was less as compared with potassium chloride buffer pH 1.5, probably due to a decrease in the surface ionization at pH 1.2. The dissolution was reduced with an increase in the pH of the dissolution medium from 1.5 to 1.8. These observations corroborate the findings of Sayer et al. (24) , who reported that dissolution of both trimethoprim and sulfamethoxazole from co-trimoxazole tablets was pH dependent. The dissolution guidelines recommend that the pH of the dissolution medium should not exceed 8. Therefore, borate buffer pH 8 was not considered while optimizing the dissolution method (13) .
Dissolution of drug from a dosage form involves at least two consecutive steps, liberation of the drug from the formulation matrix (disintegration) followed by dissolution of the drug (solubilization of the drug particles) in the dissolution medium. For most of the immediate-release formulations of poorly soluble drugs, the rate of dissolution is intrinsically controlled. Although the solubility of PH was greater in potassium chloride buffer pH 1.2 than in potassium chloride buffer pH 1.5, the amount of PH dissolved in the pH 1.2 buffer was less than in the pH 1.5 buffer. This may be due to a lower rate of intrinsic dissolution of PH in potassium chloride buffer pH 1.2. The rate of precipitation (K precipitation ) of PH may be slightly more than the rate of disintegration (K disintegration ) in potassium chloride buffer pH 1.2 (25) . The dissolution profiles demonstrate incomplete dissolution of PH tablets in potassium chloride buffer pH 1.2, 1.5, and 1.8, in paddle or basket apparatus, at the stirring speeds of 50, 75, and 100 rpm. The percent release was less than 85% within 30 min; therefore, the minimum requirements established by USFDA were not satisfied (26) . On the other hand, the use of 0.1 N hydrochloric acid dissolution medium with a paddle or basket apparatus at 50, 75, and 100 rpm yielded a satisfactory dissolution of the drug in the first 30 min of the test, with drug release greater than 85%. The FDA guideline for dissolution testing of immediate-release solid oral dosage forms (26) recommends a two-point dissolution specification for slowly dissolving or poorly water soluble drugs (BCS Class 2), one at 15 min to include a dissolution range (a dissolution window) and the other at a later point (30, 45, or 60 min) to ensure 85% dissolution. The dissolution test conditions suggested by FDA for pioglitazone hydrochloride tablets (11) , namely a collection time of 30 min, are inadequate, and more samples are essential.
Drug release was greater with the paddle apparatus. The selection of the stirring speed was based on the recommended range for Apparatus 1 and 2 for tablets. The effect of rotation speed of the paddles on the dissolution profile of PH was examined at 50, 75, and 100 rpm. In general, mild agitation conditions and less volume of dissolution medium should be maintained during dissolution testing to allow maximum discriminatory power since the dissolution apparatus tends to become less discriminating when operated at faster speeds, resulting in a flatter drug release profile (26) .
When 0.1 N hydrochloric acid was used as the dissolution medium, PH showed a faster dissolution rate, which was not desirable because this condition may not reflect in vivo performance and an adequate capacity to differentiate between different formulations. The dissolution profile obtained in potassium chloride buffer pH 1.5 for paddle apparatus at 75 rpm was slower and may have better capacity to differentiate the formulations. One of the desirable features of the dissolution method is its discriminatory capacity (27) . In potassium chloride buffer (1) chose phosphate buffer pH 7.5 for the dissolution method for coated telithromycin tablets. The optimum dissolution conditions for the assessment of PH release rate were 900 mL of potassium chloride buffer pH 1.5 at 37 °C as the dissolution medium, paddle apparatus at a stirring speed of 75 rpm and 60 min as collection time (Table 3) .
Filter Evaluation
The results of the filter evaluation reveal that the absolute differences between the concentrations of standard samples (in potassium chloride buffer pH 1.5) and filtered/ centrifuged samples were within 98-102%. This demonstrates the absence of PH adsorption by the filter and the suitability of Whatman No. 41 filter paper in the dissolution test (1) .
Deaeration
The effect of dissolved gases in the medium on PH dissolution revealed that the amount of dissolved drug was less in nondeaerated medium and the results were more variable (1, 20) . Thus, deaerated dissolution media was needed during dissolution study.
Validation of Dissolution Test
After the best experimental conditions were selected, the dissolution test was validated (17) (18) (19) (20) (21) (22) .
Specificity
When the placebo tablets were subjected to the dissolution test and analyzed, the corresponding absorbance was equivalent to 1.64% PH concentration. According to ICH guidelines, the dissolution method is specific if the interference is not more than 2%. The dissolution method was specific.
Linearity
To assess linearity, a standard curve for PH was constructed by plotting average absorbance versus concentration (Table 4 ). The curves depict good linearity in the range of 10-60 μg/mL. The line equation was y = 0.0286x + 0.0007 with a slope of 0.0286 and r 2 of 0.999. The RSD for each point was less than 2%. These data indicate that the method is linear for pioglitazone within the specification limits.
Accuracy
The accuracy expresses the agreement between the accepted value and the observed value. According to ICH guidelines, the recovery for a dissolution test must be in the range of 95-105%. The percent recovery was from 96.407% to 100.24%. The accuracy of the method is acceptable (Table 5) .
Precision
The percent RSD did not exceed 5% for the repeatability and intermediate precision, demonstrating suitable precision (Tables 6 and 7) .
Robustness
The robustness of the method was demonstrated by changing the analyst, the instrument, and the laboratory (interlaboratory study). The percent RSD values were within the specified limit of 5% indicating the robustness of dissolution method (Tables 8-10 ).
CONCLUSION
The dissolution test developed and validated for pioglitazone tablets is considered satisfactory. The most discriminating conditions for dissolution testing of pioglitazone tablets (i.e., pH 1.5 potassium chloride buffer medium, paddle apparatus, stirring speed of 75 rpm, and collection time of 60 min) appear to be the best condition. The validation shows that the dissolution test is appropri- ate for quantification of pioglitazone in tablet pharmaceutical form for in vitro studies, presenting selectivity, linearity, precision, accuracy, and robustness. The method is adequate for use in quality control testing of pioglitazone tablets since a dissolution test is not indicated in an official monograph, but is included in Pharmacopeial Forum. 
